The 2-position substituent on substrates or substrate analogues for glutamate dehydrogenase is shown to be intimately involved in the induction of conformational changes between subunits in the hexamer by coenzyme. These conformational changes are associated with the negative co-operativity exhibited by this enzyme. 2-Oxoglutarate and L-2-hydroxyglutarate induce indications of co-operativity similar to those induced by the substrate of oxidative deamination, glutamate, in kinetic studies. Glutarate (2-position CH2) does not. A comparison of the effects of L-2-hydroxyglutarate and D-2-hydroxyglutarate or D-glutamate indicates that the 2-position substituent must be in the L-configuration for these conformational changes to be triggered. In addition, glutarate and L-glutamate in ternary enzyme-NAD(P)Hsubstrate complexes induce very different coenzyme fluorescence properties, showing that glutamate induces a different conformation of the enzyme-coenzyme complex from that induced by glutarate. Although glutamate and glutarate both tighten the binding of reduced coenzyme to the active site, the effect is much greater with glutamate, and the binding is described by two dissociation constants when glutamate is present. The data suggest that the two carboxy groups on the substrate are required to allow synergistic binding of coenzyme and substrate to the active site, but that interactions between the 2-position on the substrate and the enzyme trigger the conformational changes that result in subunit-subunit interactions and in the catalytic co-operativity exhibited by this enzyme.
Initial-rate studies of the oxidative deamination of glutamate by bovine liver glutamate dehydrogenase (EC 1.4.1.3) with either NAD+ or NADP+ as the varied substrate gave plots that were nonlinear (Dalziel & Engel, 1968; Engel & Dalziel, 1969) , and it was proposed that negative cooperativity among the six apparently identical polypeptide chains of the enzyme could result in such behaviour. Subsequent re-analysis of the data of Dalziel and Engel (Engel & Ferdinand, 1973) suggested that the interactions must include positive and negative components, and that they must involve catalytic steps as well as coenzymebinding steps. Studies of the binding both of oxidized (Dalziel & Egan, 1972) and reduced coenzymes (Melzi D'Eril & Dalziel, 1973; George & Bell, 1980) to the enzyme, on binding to half the subunits in the hexamer, was shown, in the presence of glutarate (an analogue of glutamate), to induce a conformational change in the other half of the oligomer (Bell & Dalziel, 1973) . Although these binding studies, and studies of induced conformational changes, involved the use of glutarate and did not represent the catalytically active enzyme, several further studies have shown that subunit-subunit interactions take place while the enzyme is catalytically functioning (Alex & Bell, 1980; Smith & Bell, 1982) . In the original studies by Dalziel & Engel (1968) and in our own subsequent studies (LiMuti & Bell, 1983) it was found that the active monocarboxylic amino acid norvaline was a substrate for the enzyme (although a poor one), but did not exhibit negative cooperativity, and it was suggested that both carboxy groups on glutamate were required to allow the subunit-subunit interactions to take place. It has long been known that two carboxy groups (or equivalent charge densities) appropriately positioned are required for effective amino acid/oxo acid substrate or inhibitor binding (Caughey et al., Vol. 225 1957; Rogers, 1971 ; Rogers et al., 1972) . Binding studies by Dalziel & Egan (1972) showed that glutarate considerably enhanced binding of oxidized coenzyme to the enzyme, and our own subsequent studies (C. LiMuti & J. E. Bell, unpublished work) have shown that the monocarboxylic equivalent 2-oxovalerate does not.
There has been much controversy concerning the potential role of a second, non-active, coenzyme-binding site per subunit. Since the early suggestion (Frieden, 1959) that such a second site existed but did not bind NADP(H), much has been discussed concerning differences between the behaviour with NAD(H) and NADP(H). The studies by Dalziel & Engel (1968) , which led to the proposal of negative co-operativity in this enzyme, showed virtually identical behaviour with NAD+ and NADP+, suggesting that the subunit-subunit interactions did not involve this second site. However, despite an accumulation of evidence from a variety of laboratories (see Dalziel, 1975 , for a review) that the second coenzyme-binding site does not bind NADPH with anything like the affinity for NADH, and studies showing that binding of NADP+ to a second site is much less effective than for NAD+ (Smith & Bell, 1982 ; C. LiMuti & J. E. Bell, unpublished work) , it is still speculated that a second, oxidized-coenzymebinding, site is involved in the generation of the non-linear Lineweaver-Burk plots that Dalziel & Engel (1968) attributed to negative co-operativity.
In the present paper we report kinetic studies, ligand-binding studies and fluorescence-spectral studies which show that the 2-position substituent on L-glutamate or 2-oxoglutarate (substrates for the enzyme) or L-2-hydroxyglutarate is vital for the induction of subunit-subunit interactions that affect catalysis. With glutarate (2-position CH2) only coenzyme binding appears to be affected. Furthermore, identical results are obtained with NAD+ and NADP+ as coenzyme. These experiments provide further evidence that the non-linear Lineweaver-Burk plots obtained with oxidized coenzyme as the varied substrate are, in fact, due to negative co-operativity between the subunits of the enzyme and that this co-operativity involves both a ligand-binding and a catalytic effect.
Materials and methods
Bovine liver glutamate dehydrogenase used in these studies was obtained either as a glycerol solution or as an aq. (NH4)2SO4 suspension from Sigma Chemical Co. Either form was thoroughly dialysed against 0.1 M-sodium phosphate buffer, pH7.0, containing lOuM-EDTA before use. Both forms of the enzyme gave identical results. Enzyme concentrations were measured spectrophotometrically by using an absorption coefficient at 280 nm of 0.93 cm-1 for a 1 mg/ml solution (Egan & Dalziel, 1971) . Concentrations of enzyme used in these experiments are given in the Figure legends, calculated by using a subunit M, of 55700. In a number of cases experiments were conducted at several different enzyme concentrations in the range of 20-220 nM. Identical results were obtained over this concentration range. All substrates, coenzymes, coenzyme analogues, substrate analogues and buffer salts were obtained from Sigma Chemical Co. Solutions were made up with 18 MQ distilled deionized water from a 4 Bowl Milli Q System. Rate measurements were made either by fluorimetry for the oxidative deamination by using excitation at 340nm and measurements of emission at 450nm, or by absorbance measurements at 340nm for the reductive amination reactions by using a millimolar absorption coefficient of 6.22mM-Icm-l (Stein et al., 1963 Tables 1 and 2 were estimated by using linear regression of the appropriate LineweaverBurk plots. The following statistical criteria were used in determining the inhibition patterns of the various inhibitors used in this study. If the slopes in the presence and in the absence of the inhibitor differed by more than 2S.D. from each slope the inhibition was considered to be competitive. If the intercepts differed by more than 2S.D. from each intercept, the inhibition was considered to be uncompetitive. If both criteria were met, the inhibition was considered to be non-competitive, and K, values from intercept changes and from slope changes were calculated. Fluorescence titrations and calculation of binding data were performed as described previously (Bell, 1981) . Fluorescence spectra are uncorrected for phototube-response variations with wavelength. Emission spectra are shown as molecular emission spectra for the appropriate complex, where contributions from unbound fluorophore to the fluorescence at any given wavelength are subtracted. Data were handled and analysed by using programs written by one of us (E. T. B.) for a HewlettPackard HP87XM personal computer.
Results and discussion
The studies reported in this paper were carried out to allow a comparison of the ability of various analogues of glutamate to bind to glutamate dehydrogenase. As a result of these studies, however, we have obtained further evidence for catalytic-site co-operativity in this enzyme, and new insights into the structural requirements of the substrate that allow this co-operativity to take place.
Kinetic studies A variety of dicarboxylic acid analogues of Lglutamate have been used in inhibition studies of the oxidative deamination reaction. These include glutarate, 2-oxoglutarate, L-2-hydroxyglutarate, D-2-hydroxyglutarate and D-glutamate.
From the results shown in Fig. 1 (Engel & Chen, 1975) . From the KI values in the oxidative deamination reaction, it is apparent that there is synergistic binding of coenzyme and each of the inhibitors. Over the substrate concentrations used in these experiments the inhibition patterns are consistent with a rapid-equilibrium random-order addition of substrates in the reductive amination reaction, and suggest that there may be a preferred order of addition, of coenzyme followed by glutamate in the oxidative deamination reaction, as has been suggested previously (Rife & Cleland, 1980) .
The non-linear nature of Lineweaver-Burk plots with varied NAD+ concentrations at high glutamate concentrations was extensively studied by Dalziel & Engel (1968) , who attributed the breaks to negative homotropic interactions between the subunits of the enzyme. At low glutamate concentrations (0.25mM) these non-linearities were not observed, leading to the postulate that the interactions occurred in the ternary enzyme-NAD+-glutamate complex. We have examined the ability of glutarate, 2-oxoglutarate and 2-hydroxyglutarate (D-or L-) and D-glutamate to act as inhibitors versus NAD+ with low fixed glutamate concentrations. As shown in Fig. 4 , the presence of Vol. 225 Fig. 4 shows the data, in the presence of 2-oxoglutarate, in the form of an Eadie-Hofstee plot, where the non-linearity is also clearly observable. These results suggest that formation of a non-catalytically active enzyme-NAD+-2-oxoglutarate complex at some of the active sites within the hexamer of the enzyme induces a conformational change in the remaining catalytic sites that leads to a relative increase in the oxidative deamination of glutamate. When similar experiments are performed with several concentrations of glutarate (Fig. 5) , no induced curvature in the plots is detected either in Lineweaver-Burk plots or in Eadie-Hofstee plots (inset), suggesting that the enzyme-NAD+-glutarate complex is unable to induce the conformational change leading to enhanced catalytic activity of the remaining subunits. These results indicate a role of the 2-position substituent in the induction of subunit-subunit interactions affecting the catalytic activity of the enzyme. Experiments with 2-hydroxyglutarate shed further light on the potential involvement of the 2-position in such induced conformational changes. With L-2-hydroxyglutarate (Fig. 6 ) markedly nonlinear Eadie-Hofstee plots are obtained with NAD+ concentration varied at low glutamate concentrations. However, with D-2-hydroxyglutarate as the inhibitor, linear plots are obtained. These results confirm the above suggestion that there is an involvement of the 2-position substituent in induction of co-operativity, and further suggest that this substituent must be in the correct spatial position for these induced conformational changes to take place.
In all of the experiments described so far, similar effects to those described with NAD+ as coenzyme are also observed with NADP+ as coenzyme. Since NADP+ does not bind to the second, 'regulatory', Vol. 225
In addition to the kinetic experiments discussed above, we have sought other ways to examine the interactions between enzyme, coenzyme and glutamate or glutarate to test further the conclusion that the 2-position substituent may be important in the induction of conformational changes in ternary complexes of the enzyme.
From the reduced-coenzyme fluorescence-excitation spectra shown in Fig. 7 , it is quite apparent not only that the fluorescence of bound NAD(P)H in the enzyme-NAD(P)H-glutamate ternary complex is much enhanced when compared with that of the binary complex or the enzyme-NAD(P)Hglutarate ternary complex when the coenzyme is directly excited, but that the glutamate-containing complex has a very prominent excitation peak centred around 280-285nm, indicating a readier energy transfer between protein tryptophan or tyrosine residues in the enzyme-NAD(P)H-glutamate complex than in either the binary complex or the ternary complex containing glutarate. This indicates that glutamate and glutarate in the ternary complex lead to the induction of quite different conformations of the protein. It is also apparent from the emission spectra shown in Fig. 8 that glutamate and glutarate have differing effects on the environment of the bound reduced coenzyme. As in the kinetic studies discussed above, similar results are obtained with NADH and NADPH.
Finally, we have made use of fluorescence titrations to examine the binding of reduced coenzyme in the presence of glutarate or glutamate. Fluorescence titrations were performed at several different enzyme concentrations, with varied coenzyme (NADH or NADPH) concentrations in the absence of co-ligands, or in the presence of saturating concentrations of L-glutamate or glutarate (identical results were obtained with either 50mM-or lOOmM-co-ligand). Fig. 9(a) shows a titration, in the presence of L-glutamate, of enzyme with NADPH. Shown in Fig. 9(b) is the Scatchard plot calculated from these data by using a fluorescence enhancement (determined experimentally from a plot of fluorescence versus [glutamate dehydrogenase] with 1 tM-NADPH) of 4.0. Also shown in Fig. 9(b) is a Scatchard plot from a similar experiment with the use of 50mM-glutarate. The results of these and other experiments are given in Table 3 . An examination of this Table shows The oxidative deamination reaction was studied in the absence (A) and in the presence (-) of 5mM-2-oxoglutarate with NAD+ concentrations ranging from 10pM to 500pM. Other conditions were as indicated in Fig. I On the basis of these binding studies it is quite apparent that, although glutarate on forming an abortive complex with enzyme-NAD(P)H may enhance the binding of reduced coenzyme, as has been shown previously to be the case for oxidized coenzyme (Dalziel & Egan, 1972 (George & Bell, 1980; Melzi D'Eril & Dalziel, 1973) have shown strong negative cooperativity for binding of reduced coenzyme to the active site.
In protection studies and in c.d. studies it has been shown (Chen & Engel, 1974 , 1977 position substituent on the substrate (in the Lform) and appears to be associated with the catalytic co-operativity shown by the enzyme. Interestingly, it has been reported (Hornby & Engel, 1983 ) that 3-methylglutamate, although a very poor substrate, shows similar 'coenzyme activation' to glutamate. Unlike other alternative substrates for glutamate dehydrogenase, 3-methylglutamate contains two carboxy groups and a 2-position substituent, and this observation emphasizes the requirement of both for co-operativity to take place, and is consistent with our suggestion that the 2-position is involved in the induction of a conformation change in the ternary complex that is associated with catalytic-site co-operativity. E. T. Bell, C. LiMuti, C. L. Renz and J. E. Bell In summary, on the basis of initial-rate kinetic studies we have demonstrated that the subunit cooperativity exhibited by glutamate dehydrogenase involves a 2-position substituent on the amino acid/oxo acid substrate, in addition to the two carboxy groups (whose primary function is enhancing the affinity of the enzyme for coenzyme). The 2-position on the substrate appears to be intimately involved in inducing the conformational change between subunits that leads to the catalytic co-operativity seen in this enzyme. 
